Updated predictions for graviton and photon associated production at the LHC 
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We present updated predictions on the inclusive total cross sections, including the complete next- 
to-leading order QCD corrections, for the graviton and photon associated production process in the 
large extra dimensions model at the LHC with a center-of-mass energy of 7 and 8 TeV, using the 
parameters according to the requirements of the ATLAS and CMS collaborations. Moreover, we 
also discuss the dependence on the transverse momentum cut and uncertainties due to the choices 
of scales and parton distribution functions in detail. 
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Introduction Large extra dimensions (LED) model 
provides a novel framework to explain the hierarchy be- 
tween the electroweak scale Mew (~ 10 3 GeV) and the 
Plank scale Mvi (~ 10 18 GeV) In this model, the 

space-time has n extra dimensions, and the (4 + n) di- 
mensional Plank scale Mjj is assumed to be around the 
only fundamental scale Mew, while the large Plank scale 
Mpi observed in the ordinary 4 dimensions is viewed as 
an effective scale. In this way, the hierarchy problem is 
reduced to the different forms ofgravitational potential 
in the small and large distances [y, i.e., 
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where R is the radius of extra compact spatial dimen- 
sions. Because the Kaluza-Klein (KK) graviton, de- 
noted as G, can propagate into extra dimensions, this 
model predicts striking signals at hadron colliders, such 
as the large missing energy associated production pro- 
cesses. Among them, a photon associated with large 
missing energy signature is most promising because this 
signature is very simple, easy to detect, and suffer from 
less backgrounds, compared to any final states contain- 
ing jets. In order to address some of the most fundamen- 
tal questions in extra dimension models, the ATLAS and 
CMS collaborations have searched for new phenomena in 
the process with an energetic photon and large missing 
transverse momentum by using the data in 2011, and set 
the limit on M/j 0, @. Precise limit on Mjj is based on 
precise theoretical prediction. The leading-order (LO) 
calculations and analysis of the process pp —> jG were 
performed in Ref. @. We presented a complete calcu- 
lation of next-to-leading order (NLO) QCD corrections 
to this process, and predicted inclusive and differential 
cross sections at the LHC in previous work Q- 



Numerical Results and Discussion In this work, 
according to the requirement of the ATLAS and CMS col- 
laborations, we present new results for the inclusive total 
cross sections for graviton and photon associated produc- 
tion at the LHC with a center-of-mass energy (CME) of 
7 and 8 TeV, using the parameters suggested by the ex- 
perimentalists [8]. Moreover, we discuss the dependence 
of the total cross sections on the transverse momentum 
cut and the theoretical uncertainties due to the choices of 
scales and parton distribution functions (PDFs), respec- 
tively. In our numerical calculations, the CTEQ6L1 Q 
and CTEQ6.6 PDFs are used for the LO and NLO 
results, respectively, unless specified otherwise. We take 
the LED parameters 77 and Mn as input. Except for 
the scale uncertainty plots, the factorization and renor- 
malization scales are set equal and fixed at the geomet- 
ric mean of the squared transverse masses of the photon 

and the graviton, i.e., fip = fj, 2 ^ = fx 2 = Pt\Jpt g + m2 ' 
where Pt,g and vn are the transverse momentum and 
mass of the graviton, respectively. We define a jet by the 
following requirements: 



jet 

Ft 



> 30 GeV, \tf ct \ < 4.5 



(3) 



In addition, the following cuts are applied in our nu- 
merical calculations according to the analysis of ATLAS 
collaboration 



\rP\ < 2.37, 



^ ISS >150GeV, A0( 7 ,^ ISS ) > 0.4, 
A</>(jet,^ iss ) > 0.4. 



(4) 



Here 77 7 is the pseudorapidity of the photon, and p™ lss 
is the transverse momentum of the graviton. We also 
require the photon to be isolated by requiring the sep- 
aration of the photon and the radiated parton AR = 
y A(j) 2 + A77 2 greater than 0.4. 

In general, the cross section for graviton production 
can be expressed as [f| 
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Mb [GeV] 


LHC 7 TeV 


LHC 8 TeV 






LO [fb] 


NLO [fb] 


K 


LO [fb] 


NLO [fb] 


K 


2 


1000 


101.3 


153.6 


1.52 


161.6 


247.6 


1.53 


2 


1250 


41.5 


62.9 


1.52 


66.2 


101.4 


1.53 


2 


1500 


20.0 


30.3 


1.52 


31.9 


48.9 


1.53 


2 


1750 


10.8 


16.4 


1.52 


17.2 


26.4 


1.53 


2 


2000 


6.3 


9.6 


1.52 


10.1 


15.5 


1.53 


3 


1000 


172.0 


222.1 


1.29 


311.3 


401.7 


1.29 


3 


1250 


56.4 


72.8 


1.29 


102.0 


131.6 


1.29 


3 


1500 


22.7 


29.2 


1.29 


41.0 


52.9 


1.29 


3 


1750 


10.5 


13.5 


1.29 


19.0 


24.5 


1.29 


3 


2000 


5.4 


6.9 


1.29 


9.7 


12.6 


1.29 


4 


1000 


323.6 


383.6 


1.19 


667.0 


784.4 


1.18 


4 


1250 


84.8 


100.6 


1.19 


174.9 


205.6 


1.18 


4 


1500 


28.4 


33.7 


1.19 


58.6 


68.9 


1.18 


4 


1750 


11.3 


13.4 


1.19 


23.2 


27.3 


1.18 


4 


2000 


5.1 


6.0 


1.19 


10.4 


12.3 


1.18 


5 


1000 


652.3 


739.4 


1.13 


1532.7 


1720.1 


1.12 


5 


1250 


136.8 


155.1 


1.13 


321.4 


360.7 


1.12 


5 


1500 


38.2 


43.3 


1.13 


89.7 


100.7 


1.12 


5 


1750 


13.0 


14.7 


1.13 


30.5 


34.2 


1.12 


5 


2000 


5.1 


5.8 


1.13 


12.0 


13.4 


1.12 


6 


1000 


1377.7 


1528.3 


1.11 


3694.6 


4051.2 


1.10 


6 


1250 


231.1 


256.4 


1.11 


619.8 


679.7 


1.10 


6 


1500 


53.8 


59.6 


1.11 


144.2 


158.1 


1.10 


6 


1750 


15.7 


17.4 


1.11 


42.0 


46.1 


1.10 


6 


2000 


5.4 


6.0 


1.11 


14.4 


15.8 


1.10 



TABLE I: The total cross sections for the graviton and photon 
associated production at the LHC with a CME of 7 and 8 TeV. 
The corresponding K factors are also shown. 

where S n -i is the surface of a unit-radius sphere in n 
extra dimensions, given by 



and Mp\ is the reduced Planck mass, defined as Mp\ = 
Mpi/V8n. Here, a m is the cross section for producing a 
graviton of mass m and the coefficient of a m denotes the 
number density of KK graviton modes. Since the KK 
graviton mass separation is much smaller than all the 
other physical scales involved, in numerical calculations, 
to is integrated over from very low region, near zero, to 
the CME of the collisions to give the total cross sections. 

In Table HI we show the LO and NLO total cross sec- 
tions for the graviton and photon associated production 
at different LED parameters n and M d ■ We can see that 
for a fixed n, the cross section drops fast when Md in- 
creases. This is reasonable because increasing Mo means 
decreasing radius of extra dimensions. At the same time, 
the radius and number of extra dimensions n determine 
the phase space that the produced graviton can propa- 
gate into; see Eq. ([5]). Therefore, smaller radius, with 



n 




> 150 GcV 


7 
P T 


> 200 GcV 


"7 
P T 


> 300 GeV 




LO [fb] 


NLO [fb] 
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LO [fb] 


NLO [fb] 
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LO [fb] 


NLO [fb] 


K 


2 


161.6 


247.6 


1.53 


99.3 


145.3 


1.46 


43.3 


59.3 


1.37 


3 


311.3 


401.7 


1.29 


192.1 


244.4 


1.27 


84.6 


105.8 


1.25 


4 


667.0 


784.4 


1.18 


412.5 


487.0 


1.18 


181.5 


215.5 


1.19 


5 


1532.7 


1720.1 


1.12 


947.0 


1075.3 


1.14 


415.6 


480.8 


1.16 


6 


3694.6 


4051.2 


1.10 


2276.2 


2536.2 


1.11 


993.3 


1135.6 


1.14 



TABLE II: The dependence of total cross sections at the 8 
TeV LHC on the transverse momentum cut applied on the 
photon, assuming pf isB = and Mb = 1000 GeV. The 
corresponding K factors are also shown. 

fixed n, leads to smaller phase space, and thus smaller 
cross sections. From Table [U we also find that larger is 
the value of n, faster the cross section drops. For exam- 
ple, the cross section at NLO for n = 6 (2) decreases from 
1528.3 (153.6) fb to 6.0 (9.6) fb. This is due to the facts 
that the graviton can propagate into n extra dimensions, 
and the length of each dimension is proportional to . 
As a consequence, for a larger n, the effect of reducing 
the phase space is more obvious. 

These behaviors of the cross sections result from the 
structure of the space-time, irrelevant with the dynamics 
of the scattering process. Thus, the LO and NLO cross 
sections follow the same rules, which means that the K 
factor, defined as the ratio of the NLO cross sections to 
LO ones, only depends on n, not sensitive to Mjj. From 
Table [I] we can see that the K factor for this process is 
sizable. It changes from 1.52 to 1.11 when n varies from 
2 to 6. This is because that for larger n, the coefficient of 
the cross sections a m in Eq. ([5]) increases faster with the 
increasing of the graviton mass to, which indicates that 
the cross sections a m with large to play more important 
roles in contributing to the total cross sections. In order 
to produce a heavy KK graviton mode, the phase space of 
the emitted jet in real corrections is strongly suppressed, 
leading to smaller NLO cross sections and thus smaller 
K factors with the increasing of n. 

In order to suppress the background for the signal of a 
photon and missing energy, a large transverse momentum 
cut on the photon is usually imposed. When searching for 
the signal at the LHC with a CME of 8 TeV, experimen- 
talists perhaps choose a harder cut on the photon trans- 
verse momentum, compared to that at the 7 TeV LHC. 
To see the change of cross sections, in Table ITT1 we show 
the dependence of total cross sections at the 8 TeV LHC 
on the transverse momentum cut applied on the photon, 
assuming p^ iss = p^ and M D = 1000 GeV. When the 
cut becomes harder, from p7p > 150 GeV to > 200 
GeV, the NLO total cross sections decrease by about 
40%. And the NLO total cross sections at > 300 
GeV are only about 45% of those at p^ > 200 GeV. It 
is necessary to investigate how the cross sections of the 
corresponding backgrounds change with the increasing of 
the transverse momentum cut on the photon in order to 
increase the ratio of the signal to backgrounds. 

Now, we discuss the theoretical uncertainties. First, 
we study the theoretical uncertainties arising from the 
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FIG. 1: The scale uncertainties of the total cross sections 
at the LHC with a CME of 7 and 8 TeV. We have chosen 

/J.F = fJ-R = 
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FIG. 2: The scale uncertainties of the total cross sections 
at the LHC with a CME of 7 TeV when only one of the 
factorization and renormalization scales changes. 



choice of the factorization and renormalization scales. In 
Fig. Q] we show the scale uncertainties of both the LO 
and the NLO total cross sections, for the case of n = 2 
and 6. Note that these scale uncertainties are indepen- 
dent on Md because the cross sections are normalized by 
<r(/Lio) and thus the dependence on Md cancels. We see 
that the scale uncertainties are significantly decreased by 
including the NLO QCD effects, especially for the case 
of n = 6. Explicitly, the scale uncertainties at NLO are 



about ±8% and ±4% for n — 2 and 6, respectively. The 
decrease of the scale uncertainties can be more easily un- 
derstood if we study the case of changing only one of the 
factorization and renormalization scales, respectively, as 
shown in Fig. [2J The dependence of the cross section on 
the factorization scale is reduced due to the inclusion of 
the Altarelli-Parisi splitting functions at NLO 7], which 
accounts for scale dependence of the PDF up to 0(a s ), 
and almost the same for n=2 and 6 at NLO. The depen- 
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FIG. 3: The PDF uncertainties of the NLO total cross sec- 
tions. The lines in each group from left to right correspond to 
the CTEQ6.6, CT10, MSTW2008NLO , and NNPDF2.3NLO 
PDF sets. The PDF induced uncertainties are estimated 
at (or rescaled to) 90% confidence-level. The cross section 
o"o represents the LO total cross section evaluated by using 
CTEQ6L1 PDF set. 



dence of the cross section on the renormalization scale is 
absent at LO and starts at NLO, and more obvious for 
n = 2 than n = 6 because of the larger QCD corrections 
for n = 2, as shown in Table [I] Therefore, the decrease of 
the scale uncertainties for jip = = fj, at NLO shown 
in Fig. [T] is a mixing effect of the reduced factorization 
scale dependence and appearance of the renormalization 
scale dependence. From Fig. [TJ we also find that the 
scale uncertainties are almost the same at the LHC with 
a CME of 7 and 8 TeV. 

In Fig. [31 we show the PDF uncertainties of the 
NLO total cross sections. We have compared the re- 
sults by using the commonly used CTEQ6.6, CT10 [TO], 



MSTW2008NLO [Hj], and NNPDF2.3NLO Q PDF 
sets as recommended by the PDF4LHC Working Group 
in Ref. [l4|. Each PDF set incorporates a function 
to evaluate the strong coupling constant as- as(Mz) 
takes the values of 0.1179, 0.1180, 0.1201 and 0.1190 for 
CTEQ6.6, CT10, MSTW2008NLO, and NNPDF2.3NLO 
PDF sets, respectively. The differences among the val- 
ues of as(Mz) are less then 2%. Since we have used 
the as function in the PDF sets to perform numerical 
calculations, the PDF uncertainties actually denote the 
"PDF+as" uncertainties. From Fig. [3J we find that the 
PDF uncertainties generally become larger with the in- 
creasing of n. This is due to the fact that for larger n, the 
cross sections a m with large m play more important roles 
to give the total cross sections, as explained above. For 
very large m, the PDF reaches the region x 1, which 
is not well measured and suffers from large uncertainties. 
From Fig. [31 we can also see that the predictions from 
various PDF sets can be very different, but are still in 
the range of uncertainties. 

Conclusion We have updated the predictions on the 
inclusive total cross sections for the graviton and photon 
associated production in the LED model at the LHC, us- 
ing the parameters suggested by the ATLAS and CMS 
collaborations. We show the total cross sections for dif- 
ferent LED parameters n and Md, and find that the 
K factor for this process is sizable, changing from 1.52 
to 1.11 when n varies from 2 to 6, and independent on 
Mu- We also study the dependence of total cross sec- 
tions at the 8 TeV LHC on the transverse momentum 
cut applied on the photon. The NLO total cross sec- 
tions decrease quickly when the cut becomes harder. Fur- 
thermore, we discuss the theoretical uncertainties arising 
from the choices of the scales and PDF sets, and find that 
the scale uncertainties are significantly decreased by in- 
cluding the NLO QCD effects, and the predictions from 
various PDF sets can be very different, but are still in 
the range of uncertainties. 
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